Cinnamic acid derivatives (CADs) are known inhibitors of monocarboxylate transport across plasma and mitochondrial membranes. All derivatives were found to inhibit the growth of intraerythrocytic Plasmodium faleiparum in culture, which is in correlation with their hydrophobic character. Parasites at the ring and trophozoite stages were equally susceptible to the different derivatives. This result could be attributed to Erythrocytes harboring parasites at mature stages (trophozoites and schizonts) were concentrated from culture by using gelatin flotation (16) or Percoll-alanine gradient centrifugation essentially as described in reference 19, except that sorbitol was replaced with the less toxic amino acid alanine (3% wt/vol). After separation, cells were washed twice in wash medium (i.e., growth medium without plasma) and allowed to recover for 2 h under culture conditions. Cells were counted in a cell counter (Analys Instruments, Stockholm, Sweden), and the percentage of infected cells
Malarial parasites develop and propagate asexually inside the erythrocytes of their vertebrate host. They are considered to be homolactate fermenters (25, 26) , although recent evidence suggests that they could use their acristate mitochondria for further oxidation of glycolytic products (1, 9) . The glucose consumption and lactic acid production of malaria-infected erythrocytes are increased as the parasite develops up to 100-fold compared with those of uninfected cells (22, 24) . Nearly all of the surplus lactic acid production must originate from parasite metabolism, since acceleration of host cell glycolysis is restricted by the maximal activity of the rate-limiting enzyme hexokinase (15) . Doubtlessly the parasite must have very efficient means for elimination of lactic acid, and this must be done by excretion, since, as far as we know, the parasite is incapable of gluconeogenesis. Virtually nothing is known about the way the parasite disposes of lactic acid. By deduction from observations of other cells and organelles, lactate can be transported by free diffusion of lactic acid, by a specific monocarboxylate carrier, or via a lactate:H+ symport (6, 13) . Whereas in human erythrocytes lactate is transported by three parallel mechanisms, i.e., lactate:H+ symport, the anion carrier, and diffusion of lactic acid (presented in the order of their relative contributions at physiological lactate concentrations), the overall transport capacity is relatively small and cannot tally with the high rates of lactic acid production by the parasite (4) . Hence, this capacity must be augmented by modulation of native transport systems or the new permeability pathways that the parasite induces in the host cell membrane (10) Erythrocytes harboring parasites at mature stages (trophozoites and schizonts) were concentrated from culture by using gelatin flotation (16) or Percoll-alanine gradient centrifugation essentially as described in reference 19, except that sorbitol was replaced with the less toxic amino acid alanine (3% wt/vol). After Determination of ATP. Normal erythrocytes were under culture conditions for 24 h, and trophozoite-infected erythrocytes were separated from culture by using the gelatin method. Virus-treated and intact cells were incubated in the presence or absence of 3 mM ot-FC or 0.5 mM UK-5099. After 2 h of incubation, aliquots of 50 pl were withdrawn from virus-treated and normal erythrocyte suspensions and added to 50 ,u of 10% trichloroacetic acid. ATP in the clear supernatant was determined after centrifugation for 1 min in an Eppendorf centrifuge. For compartment analysis of ATP, 0.5-ml aliquots from the suspension of intact infected erythrocytes that were incubated for 2 h in the absence or presence of inhibitors were transferred to Eppendorf tubes and treated with Sendai virus as described above in the presence of ATPase inhibitors (2 mM EDTA, 0.5 mM LaCl3) and 50 ,M adenylate kinase inhibitor (diadenosine pentaphosphate). ATP was determined in the two compartments (see Results).
ATP was measured by using the bioluminescence assay (17, 18) . Diluted samples (200 pI) were added to 40 pI of luciferin-luciferase reagent (Lumac 3M) reconstituted with 25 mM HEPES (pH 7.75), mixed rapidly, and placed in a Lumac 3M Biocounter, and the constant level of light emission was recorded. Finally, 5 pI of 1 x 10-6 M ATP standard was added and the increase in light emission was recorded again.
The amount of ATP in the sample was calculated from the increment of light emission upon addition of sample and ATP standard and taking into account dilutions, the concentration of the ATP standard, and the cell concentration in the original cell suspension.
Chemicals. a-Fluorocinnamate (t-FC), a-cyano-4-hydroxycinnamate (a-C4HC), and ct-cyano-3-hydroxycinnamate (a-C3HC) were purchased from Sigma Chemical Co. a-Cyano- (8.6 Ci/mmol) w . from the Nuclear Research Center (Negev, Israel). All solutions were prepared in deionized and glass distilled water, and the osmolarities were determined by using a Wescor osmometer. RESULTS CADs (Fig. 1) are well-known inhibitors of carrier-mediated lactate and pyruvate transport across cellular and mitochondrial membranes (12, 13) . All CADs tested arrested parasite growth (Fig. 2 ). They were found to be equally inhibitory to all stages of parasite development (Table 1) , and the relatively apolar derivative UK-5099 was invariably found to be the most potent inhibitor.
CADs also inhibited [3H]hypoxanthine incorporation into free parasites (Table 1) , but the IC50s obtained with virustreated cells were higher than those observed with intact cells. This result implies that CADs act directly on the parasite, but in addition, they may have inhibited some process in the host cell whose function may be vital for parasite growth.
Effect of CADs on solute transport across the host cell membrane. The substrate-induced hemotysis technique has been used to assay the effect of CADs on transport across the host cell membrane (10) . As depicted in Fig. 3 , UK-5099 at 0.1 mM markedly inhibited the transport of glucose and glycine and to a lesser extent that of lactate. The dose dependence of this inhibitory effect and the relative potencies of the various CADs were determined by deriving the half-time of lysis induced by isoosmotic solutions of sorbitol. Cells were exposed to isoosmotic solution containing 0.5 mM DNDS in the presence of increasing concentrations of the different inhibitors. Fluxes were monitored as described in Materials and Methods. All CADs tested were potent inhibitors of sorbitol uptake, having IC50s significantly lower than those observed for inhibition of parasite growth (Table   1 ). IC50s for UK-5099, a-C3HC, and a-FC were 0.03, 0.16, and 0.11 mM, respectively. Whereas UK-5099 was here again the most potent inhibitor, a-C3HC was less potent than a-FC in inhibiting sorbitol transport, while the reverse was the case in growth inhibition.
Although the isoosmotic method is the most suitable for measuring solute transport across the host cell membrane (10), the competitive nature of CADs' effects on carriermediated transport in conjunction with the high solute concentration used by this method underscored the need for measuring the drugs' effect at physiological solute concentrations. For this purpose the uptake of radiolabelled solutes in the 1 to 5 mM range has been tested. As shown in Fig. 4 , a-FC inhibited the uptake of 2-deoxyglucose and glycine and UK-5099 inhibited the uptake of sorbitol and lactate. Significantly, lactate transport in infected cells is orders of magnitude larger than in normal erythrocytes (Fig. 4) , indicating that the membrane of the infected erythrocyte is extensively permeabilized to lactate, as is also implied by the results displayed in Fig. 3 . These experiments were performed in the presence of DNDS to block lactate transport through the native anion transporter (4 (1, 7, 8, 9) .
inhibitors. Aliquots were taken at different time
The large amounts of glucose consumed by the parasite (28) d to an equal volume of 10% trichloroacetic acid.
result in the production of concomitant quantities of lactic i was determined by using the luciferin-luciferase acid (22) (23) (24) . This must be disposed of in order to prevent carboxylates across erythrocyte and mitochondrial membranes (12, 13) . In erythrocytes they are competitive and noncovalent, whereas in mitochondria they are noncompetitive because of thiol modification (13) . For this reason, drugs (Fig. 6) . The relative potency of the replacement of the a-cyano group by a fluorine atom (as in related to their relative hydrophobicity (12 (13) . Since in the isolated rat liver mitochondrion, inhibitors are much more potent than in intact cells (14) , these discrepancies may be due to the demonstrable binding of CADs to albumin (14) (11) . It is clear that the total lactate transport (6, 13) , and glycine (27) . That of the malaria-infected cell displays new permeability pathways accessible to these and other solutes (10) , including sorbitol (10 [469] [470] [471] [472] [473] [474] [475] [476] 1991) . Transport of radiolabelled L-lactate across the host cell membrane was shown to increase ca. 600-fold compared with uninfected erythrocytes. It showed no saturation with radiolabelled L-lactate and was inhibited by CADs but not by the SH reagent p-chloromercuriphenyl sulfonic acid (PCMBS). These results suggest that L-lactate is translocated through CAD-inhibitable new pathways induced in the host cell membrane by parasite activity, probably by diffusion of the acid form and through a modified native monocarboxylate:H+ symporter. Continuous monitoring of extracellular pH changes occurring upon suspension of infected cells in isoosmotic Na-lactate solutions indicates that part of the lactate egress is mediated by anionic exchange through the constitutive, but modified, anion exchanger. The transport of L-lactate across the parasite membrane is rapid, nonsaturating, and insensitive to either CADs or PCMBS or to the presence of pyruvate. L-Lactate uptake increased transiently when external pH was lowered and decreased when ApH was dissipated by the protonophore carbonylcyanide m-chlorophenyl hydrazone. These results are compatible with L-lactate crossing the parasite membrane either as the undissociated acid or by means of a novel type of lactate-/H' symport.
